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The modulation bandwidth can be expanded by taking some velocity-matched structures. Using thick electrodes in conjunction with a thick buffer layer is the most simple and effective way [l] . The half-wave voltage can be reduced by decreasing the distance between the electrodes and the waveguides because it increases the interaction between the microwave and the optical wave. Adapting the structure of buried electrodes is very efficient [2] . To obtain a low half-wave voltage, the bottom of the buried electrodes must be near the optical waveguides. In this condition, the modulator works under the velocity-mismatched state and results in a narrower bandwidth. Therefore, there is a tradeoff between the modulation bandwidth and the half-wave voltage. To compensate for the decrease of bandwidth, etching grooves in the buffer layer is recommended.
The finite element method (FEM) is used to design the Ti:LiNbO, optical modulator with buried electrodes and etched grooves in the buffer layer in this paper. The configuration parameters with comparatively good BW/ V, performance are obtained in the end.
Design and Calculation
The cross-section view of the Mach-Zehnder optical-intensive modulator is shown in Figure 1 . Titanium indiffused waveguides are formed in a Z-cut L i m o , substrate. The substrate is coated with a buffer layer of silicon oxide. A coplanar waveguide (CPW) electrode is formed on the buffer layer by gold-electroplating. Some parts of the CPW electrode are buried in the buffer layer to increase the electro-optic interaction. Etching grooves in the buffer layer expand the bandwidth when the modulator works under the velocity-mismatched state.
In order to make the characteristic impedance near 50 a, hot electrode width W, gap G, and the width of the buried electrodes W, are 10 pm, 23 pm, and 4 pm, respectively. The interaction length is 25 mm. The electrode thickness T is 15 pm. The SiO, buffer layer thickness H is 3 pm. The optical mode size is 8 p m in the FEM calculations because this value is well fit to the VT's measurement in our laboratory. The modulator is designed at 1.55 p m optical wavelength.
The width of the buried part of the electrode is narrower than that of the upper part. It results in a more concentrated microwave electric field around the optical waveguide and a stronger effective interaction between the microwave and the optical wave. So the depth of the buried electrodes is a key parameter in our design.
There are a lot of mathematical methods in the analyses of the conventional modulators. As to the complex configuration of the modulator discussed in this letter, the FEM is the best [3] .
We employ the FEM calculation software in our work that was made in our laboratory previously. Both velocity mismatching and conductor loss are considered in the bandwidth calculations in this software. The treatment of conductor loss a0 in this paper is based on the "incremental inductance rule" of Wheeler where Z& is the free-space characteristic impedance of electrodes. dZ&,/dn, denotes the derivative of Z&, with respect to incremental recession of electrode surfaces wall m. p is the metal resistivity. Z,, is the characteristic impedance of electrodes. For Au electrodes, the formula is FEM calculations shown in Figure 2 indicate the changes of the microwave effective index N, and the characteristic impedance Z, against D (the distance between the bottom of the buried electrodes and the surface of the substrate).
When D decreases, which means the buried electrodes become closer to the optical waveguides, N, increases and 2, decreases. When D is around 1.7 pm, both N, and Z, reach optimum values: the velocity of the microwave matches that of the optical wave and the characteristic impedance of the traveling wave electrodes equals 50 R. In addition, the characteristic impedances in the calculations mentioned are more than 40 fl, as shown in Figure 10 ( D = 0.4 pm) and Figure 11 ( D = 1.0 pm), so it is easy to achieve the impedance match in the modulator design.
Conclusion
In conclusion, we obtain a model of an optical modulator using buried electrodes and etched grooves in the buffer layer. The tradeoff between the bandwidth and the half-wave voltage is taken into account and is judged by the value of BW/VT. A modulator with a bandwidth of more than 100 GHz and a V, of 1OV can be obtained when D is 1.7 pm, H is 3 pm, and T is 15 pm. For practical application, D is designed as 0.4 p m to achieve a low enough half-wave voltage. In this condition, the modulator works under the velocity-mismatched state and results in a bandwidth decrease. Etching grooves in the buffer layer is taken as compensation. The following dimensions can lead to a bandwidth of 18 GHz with a half-wave voltage of 5V: T = 15 pm, H = 3 pm, Hg = 3 pm, D = 0.4 pm.
